How long can we preserve the pulmonary graft inside the nonheart-beating donor?
L
ung transplantation like other forms of solid organ transplantation is limited by the number of good donor organs. It is estimated that fewer than 25% of all available multiorgan donors have lungs suitable for transplantation [1] . There is a growing interest in increasing the potential donor pool by turning to alternative sources such as the use of marginal donors [2] , lobar or split transplants [3] , living-related donors [4] , or organs from circulation-arrested or so-called nonheart-beating donors (NHBDs) [5] .
After the initial publication by Egan in 1991 many groups [6 -12] have now reported data sustaining the hypothesis that transplantation of lungs from a NHBD might be one strategy to resolve the organ shortage. For many years we have been exploring in our laboratory the possibility of using lungs from these donors. In previous rabbit studies we have investigated the effect of postmortem cadaver lung inflation, ventilation, and cooling [13] [14] [15] [16] on the catabolism of adenine nucleotides [17, 18] , on pulmonary cell viability [15] , and on graft function [19] .
Warm ischemic tolerance in the lung after cardiac arrest appears to be limited to 1 hour [5, 8, 9, 19] . After this period lungs should be protected against (further) tissue degradation in order not to compromise the viability of the donor organ.
In a recent study we have shown that 3 hours of topical cooling starting 1 hour after death was more effective to protect the pulmonary graft inside the NHBD compared with postmortem ventilation and was not different from cold flush in the heart-beating donor [20] . A sufficient length of in situ preservation is necessary however to organize distant organ retrieval.
In the present study we hypothesized that prolonging the interval of intrapleural cooling from 3 to 6 hours would not affect the viability of the pulmonary graft.
Material and Methods

Experimental Groups
Eighteen domestic pigs (34.3 Ϯ 1.0 kg) were randomly assigned to three groups (Fig 1) . In the control group (heart-beating donor) lungs were flushed with cold low potassium dextran solution (Perfadex; Vitrolife, Gothenburg, Sweden), explanted, and stored in the same solution (4°C) for 4 hours (HBD, n ϭ 6). In the two study groups, pigs were sacrificed and left untouched for 1 hour. Thereafter lungs were cooled through intrapleural drains. This topical cooling was continued for 3 hours in group I (NHBD-TC3, n ϭ 6) and for 6 hours in group II (NHBD-TC6, n ϭ 6). 
Animal Preparation
Preservation of the Heart-Beating Donor Lungs
After median sternotomy thymic tissue was excised. The pleural cavities and the pericardium were opened. The superior and inferior caval veins, the ascending aorta, and the pulmonary artery trunk were encircled. Sodium heparin 10,000 IU (Heparin Rohrer 5,000 IU/mL; Rhô nePoulenc Rohrer, Brussels, Belgium) was administered. The main pulmonary artery was cannulated with a 24F catheter (DLP, Grand Rapids, MI) and secured by a purse string suture in the right ventricular outflow tract. The ascending aorta was ligated and the pulmonary artery was isolated from the right ventricle by ligature around the tip of the catheter just distal to the pulmonary valve, creating pulmonary ischemia. All remaining ligatures were tightened, the left atrial appendage was incised for venting, and the lungs were flushed with 50 mL/kg cold (4°C) Perfadex with addition of 0.6 mL/L (2 g/5 mL) of the buffer solution Trometamol (Addex-THAM, Kabi, Sweden) and CaCl 2 (1.2 mL/L, 11 mEq/g). After this flush ventilation was stopped, catheters were removed, and the heart-lung block was excised and immersed in Perfadex (4°C) for 4 hours, adjusted in the same manner as described above. 
Preservation of the Nonheart-Beating Donor Lungs
The pigs in the nonheart-beating donor groups were sacrificed by myocardial fibrillation induced with a subxyphoidal needle puncture using a square pulse generator (amplitude ranged between ϩ15 V to Ϫ15 V, a currency of not more than 300 mAmp and a frequency of 50 Hz). Blood pressure dropped immediately below 20 mm Hg and the animals were declared dead after 5 minutes. The endotracheal tube was disconnected from the ventilator and left open to the air. The animals were left untouched for 60 minutes at room temperature (21°C). After this 1 hour interval of in situ warm ischemia, chest drains (16F Trocar catheter; Argyle, Sherwood Medical, Tullamore, Ireland) were inserted in the thoracic cavity [21] , two in each pleural space (one deep drain for inflow and one superficial drain for outflow; Fig  2, A) . Through these chest drains cold (6°C) saline solution was infused and continuously recirculated with a roller-pump from a reservoir placed in an ice basket. The whole system (pleural cavities, tubing, and reservoir) was filled with approximately 6 L of saline. To ensure that the lungs were well immersed in cold saline, a 5 cm H 2 O pressure overflow system was connected to the outflow drains (Fig 2, B) .
After the in situ preservation interval (3 or 6 hours), sternotomy was performed in both groups and the heartlung block was excised.
Preparation of the Heart-Lung Block
At the end of the ischemic interval the lungs in all three experimental groups were prepared in the same manner for evaluation in an isolated reperfusion circuit. The right lung was extracted and discarded. The pulmonary artery trunk was cannulated through the right ventricular outflow tract using a 36F catheter. Special attention was given to remove all clots in the NHBD groups. Major clots were removed under direct vision. Thereafter a suction tip catheter was introduced deeply into the branches of the pulmonary artery to remove smaller clots.
The ascending aorta was ligated and the pulmonary artery was isolated from the right ventricle by ligature around the tip of the catheter just distal to the pulmonary valve. The left atrium was cannulated with a 36F catheter through the apex of the left ventricle and secured by a purse-string around the apex. Finally a tube (nr 6.5) was placed in the trachea and tightened.
Preparation of the Perfusate
Autologous blood (Ϯ 450 mL) was withdrawn from each animal at the moment of sacrifice through a catheter in the left, internal jugular vein and collected in an empty sterile bag (1,000 mL NaCl 0.9%; Baxter, Lessines, Belgium) containing 2 mL of heparin (2 mL/L, 5,000 IU/mL). This whole blood was centrifuged for at least 10 minutes at 5,600 rpm using a cell-saving device (Sequestra 1000; Medtronic, Parker, CO). Thereafter white blood cells were removed using a leukocyte filter (Imugard III-RC; Terumo Europe N.V., Haasrode, Belgium). The red blood cell concentrate was then diluted to a hematocrit of approximately 
Isolated Reperfusion Circuit
The perfusate (Ϯ 1,400 mL) was placed in a hardshell reservoir (Vision; GISH Biomedical, Irvine, CA) and circulated using a centrigal pump (Bio-Medicus; Medtronic, Minneapolis, MN). It then passed an adult gas exchanger (Vision; GISH Biomedical), operating as a deoxygenator with a gas mixture of CO 2 At the end of the isolated perfusion the left lung was separated from the heart, weighed, and dried overnight in an oven (model HT 600; Heraeus, Hanau, Germany) at 150°C to constant weight. Wet-to-dry weight ratio was calculated as an estimate of the amount of lung edema. normality of the variables with only six observations per group, we used nonparametric tests. We performed a Kruskal-Wallis test to look for differences among the three groups. Whenever a significant difference was observed the Mann-Whitney test was used for comparison between two groups.
Results
Animal Variables
With regard to the experimental protocol we could not observe any statistical significant difference among the three groups in animal weight (p ϭ 0.93), premortem rectal temperature (p ϭ 0.98), rectal temperature 1 hour after death (p Ͼ 0.99), premortem endobronchial temperature (p ϭ 0.53), and endobronchial temperature 1 hour after death (p Ͼ 0.99; Table 1 ).
There was also no statistical significant difference in hematocrit and white blood cell count of the reperfusion solution between all groups (p ϭ 0.1 and p ϭ 0.7 respectively; Table 2 ). The preparation time of the heart-lung block was also comparable in the three groups (p ϭ 0.1; Fig 1) .
Graft Cooling
The endobronchial temperature during topical cooling is presented in Figure 3 . The decline was identical in both NHBD groups. 
Graft Assessment
PULMONARY
Comment
In 1991 Egan and associates [5] HBD ϭ heart-beating donor; NA ϭ not applicable; NHBD-TC3 ϭ non-heart-beating donor ϩ 3 hours topical cooling; NHBD-TC6 ϭ non-heart-beating donor ϩ 6 hours topical cooling; NS: No significant differences were observed amongst the three groups. HBD ϭ heart-beating donor; NHBD-TC3 ϭ non-heart-beating donor ϩ 3 hours topical cooling; NHBD-TC6 ϭ non-heart-beating donor ϩ 6 hours topical cooling; NS: No significant differences were observed amongst the three groups. degradation by anaerobic catabolic processes that will affect early and late graft function after transplantation. An efficient technique for organ preservation inside the cadaver will also help to prolong the preexplantation interval thereby giving the transplant team the opportunity to ask for family consent and to organize organ retrieval. In the literature we have found different opinions regarding the preferred NHBD protocol. Some authors have suggested that ventilation [9, 12, 22-24] is the preferred technique to preserve the graft inside the NHBD donor, others are more in favor of topical cooling [7, 11, 21] . In a recent study performed in our laboratory comparing both techniques we have demonstrated that topical cooling was more efficient in protecting the pulmonary graft from the NHBD [20] . In that study an interval of 3 hours was used for topical cooling identical to the NHBD-TC3 group in this study.
In experimental settings lungs from heart-beating donors may function very well after long-term cold preservation, even up to 48 hours [25] . The question that rose after our previous study was how long topical cooling in the NHBD could be safely continued. The length of this interval will determine if it will even be possible to retrieve organs from donors at a distance without compromising the viability of the graft. In 1997 Steen and associates [26] already reported that topical cooling for 6 hours was realistic. In this study, however, no warm ischemic interval preceded the start of topical cooling. Also, in these experiments the lungs were cooled with the chest open and the elegant technique of topical cooling through chest drains was not yet implemented [21] . This simple technique can be performed by any trained physician working in an emergency room or intensive care unit.
In our study, we looked at graft viability during shortterm (Ϯ 55 minutes) reperfusion of the lung measuring pulmonary vascular resistance, mean airway pressure, oxygenation ratio, and wet-to-dry weight ratio. No differences were observed between both study groups indicating that topical cooling can be safely extended from 3 to 6 hours. We also included a control group of heart-beating donors and did not find any difference in graft function compared with the study groups. This confirms the findings from our previous study [19] that a 1 hour warm ischemic interval before cooling is well tolerated. In this experimental setup therefore we did not include a positive control group with a 1 hour warm ischemic interval only.
In our NHBD study groups we did not administer heparin before death. According to the Maastricht NHBD classification [27] it is not possible to give heparin in category I (death on arrival) and category II (failed resuscitation) donors. In our opinion these two NHBD categories have the largest potential to increase the number of grafts with good quality.
From experience we know that there is nearly no clotting in the more peripheral microvasculature of the lung after death. Apparently the endothelial cells of the pulmonary vasculature are able to produce anticoagulant factors that prevent clotting in the microvasculature of the lung. We could not find any data in the literature to sustain this hypothesis. In preliminary experiments we did not extract clots in the main pulmonary artery and left atrium. This resulted in a high pulmonary vascular resistance at onset of reperfusion. Once we began to rigorously extract these clots with suction, pulmonary vascular resistance at onset of reperfusion dropped. With longer intervals of topical cooling exceeding 6 hours clots became very organized and were difficult to remove resulting in poor outcome in the isolated reperfusion model. When one would like to prolong the topical cooling interval beyond 6 hours it might be useful to add a trombolytic agent during reperfusion [28] .
In our experimental protocol we performed an assessment during 20 minutes starting 35 minutes after onset of reperfusion. This 35-minute time interval is necessary to allow the lung parenchyma to gradually reach 37.5°C because only at this point the lung can be safely ventilated (PEEP 5 cm H 2 O and maximum tidal volume). Ventilation of a cold lung may damage the lipid bilayers of the cellular membranes thereby destructing the pulmonary parenchyma [29] . A weakness of this study however is the short evaluation period, giving us only an idea of early graft function. In further experiments we cooled the lungs again after assessment as described by Steen [21] in his first successful clinical case report of lung transplantation from NHBD. We then reevaluated these lungs in our isolated reperfusion model 20 hours later. Graft function was comparable to the initial function 4 hours after death [30] . From that study it appears that this short evaluation on itself does not damage the lung. To examine the effects of reperfusion in an ex vivo setting we are now testing these lungs in a porcine transplantation model. So far only a few centers succeeded in performing transplantation of lungs from NHBD [21, 31, 32] . We are convinced that many others will follow. The biggest concern will remain the ethical issues on the use of organs from NHBD. In Belgium we have the advantage of an opting out law regarding organ donation, meaning that everyone is considered to be a donor unless registered otherwise in the National Database that can be accessed by every transplant coordinator. Careful and respectful handling is very important in considering the use of lungs from NHBD. Insertion of chest drains can be performed after informed consent of the relatives. Providing further information to the public to accept these postmortem handlings will be necessary. Studies like these may be helpful to convince other colleagues working in the emergency department or intensive care unit that the use of lungs from NHBD is a possible answer to alleviate the organ shortage.
In summary in this isolated pig lung reperfusion model we have found that 1 hour of warm ischemia does not affect the pulmonary graft from NHBD, that postmortem topical cooling inside the cadaver is as effective as immediate cold flush, and that the preharvest interval can be safely extended up to 7 hours. This technique may facilitate distant organ retrieval in NHBD. Regarding your second question on low tidal volumes, we considered that the left lung in our pig model is about one third in height and length compared with the right lung, so we gave it about 33% of the total tidal volume we used in vivo and then we come to 0.14 L. DR REGA: This is a very good remark. In other types of experiments we extended the reperfusion interval to 4 hours and we could not find any difference in pulmonary vascular resistance. It remained constant. In some experiments we cooled the lungs down after assessment and we reevaluated the same lungs some hours later. We did not notice any difference in the parameters we measured. To really follow a receptor-induced response we need to perform transplantation experiments. And that's what we are doing right now. We are setting up an experimental transplantation protocol to evaluate this.
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